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Relation between photosynthetically available radiation and total insolation at the ocean surface under clear skies' Abstract-A radiative transfer model is used to investigate the relationship between photosynthetically available radiation, E&O+) and total incoming solar radiation, &JO+) at the ocean surface. The ratio of EP,,(O+) to E&O+) lies between 0.42 and 0.50 for most clear sky conditions. The simulations indicate that the parameters governing the variability ofZ&,(O+) : E&O+) are the solar zenith angle, the amount of water vapor in the atmosphere, and the aerosol optical thickness. The influence of ozone and other gaseous constituents is insignificant.
Comparisons between model results and field data show close agreement. Given the solar zenith angle and an estimate of both the total water vapor amount and the aerosol optical thickness, E&O+) can be accurately predicted from E,,,(O+) for studies of aquatic photosynthesis.
The availability of sunlight in the upper layers of the oceans is fundamental to the process upon which marine life depends, namely photosynthesis. The amount of sunlight present for photosynthesis, otherwise known as photosynthetically available radiation, E,,,(W m-2), is defined by where E&I, z) is the downward spectral irradiance at wavelength X and depth z. The wavelength limits of the integral are expressed in nanometers. Since aquatic photosystem processes are quantum reactions, it is useful to consider the equation QparW = & s700 XEAL 4 dX (2) 350 where h is Planck's constant and c is the velocity of light in vacuum. In this equation, Qpar has units of quanta m-2 ss'. The variables E,,,(z) and Qpar(z) depend on the exact bandwidth weighting of the measurement l This work was supported by Office of Naval Research Contracts NO00 14-8 1 -K0388 and N00014-84-C-0382 (to R. C. Smith) (BIOWATT Contrib. 04) and by National Aeronautics and Space Administration Contracts (to R. C. Smith) and NAGW-85 1 (to C. Gautier).
or computation over which the integral for photosynthetically available radiation is taken. Although SCOR Working Group 15 (UNESCO 1966) designated this interval as 350-700 nm, operational constraints sometimes require its redefinition.
The quantities E,,,(z) and Qpar(z) below water are usually determined by either broadband or spectral submersible optical instruments (LiCor; Smith et al. 1984) . Instead of measuring E,,,(z) in situ, one can measure the radiant energy available at the surface, Epar(O+) and propagate the energy downward using a suitable model. This approach requires, of course, knowing the optical properties of the medium, in particular the total vertical attenuation coefficient for downward irradiance. The advantage of this approach is that, in general, measurements of above-water broadband solar irradiance can be made with relative ease. An early discussion of appropriate above-water instruments to measure E,,,(O+) is given by McCree (1966) . Furthermore, the measurements of Epar(O+) can be made continuously during the day, and if one can assume constant optical water properties for the day, then the daily E,,,(z) is also calculable.
In many situations it is the total incoming solar radiation at the surface, E,,,(O+), that is measured using standard pyranometers (i.e. Eppley). In fact, E,,,(O+) can now be estimated from space (e.g. Gautier et al. 1980; Dedieu et al. 1987) , which offers the possibility of a global picture of E,,,(O+) over the oceans. Thus, if Epar(O+) : E,,,(O+) can be predicted for a given atmosphere, it is possible to determine Epar(O+) by measuring Et,, (0') and to calculate Epar(z) through biooptical modeling. We show in the following, with a simple atmospheric model as well as field data, that it is possible to accurately relate Epar(O+) to E,,,(O+).
A radiative transfer model, originally developed by Tanre et al. (1979) and later refined by Tanre et al. (1985) (3) where 8, is the solar zenith angle, r is the optical thickness of the atmosphere (or turbidity), E, is the spectral extraterrestrial solar irradiance (W m-2 nm-l), p is the surface reflectance, tg is the transmittance in the presence of absorbing gases, td is the diffuse atmospheric transmittance, and r is the spherical albedo of the atmosphere.
In Eq. 3 the term (1 -pr) accounts for photons that have sustained one or multiple interactions with the sea surface. The optical thickness, T, is the sum of Rayleigh and aerosol contributions, 7R and TA. The tranSmittance, t,, depends on the vertical distribution of pressure, temperature, and concentration of absorbers, whereas td and r are functions of the aerosol optical properties, essentially TA, the single scattering albedo and the asymmetry factor. Variations of td and r with wavelength, however, are due mainly to variations of TA (Tanre et al. 1979 ). For convenience, TA is parameterized as a function of surface visibility, a frequently observed meteorological parameter. Its spectral dependence is characterized by the Angstrom exponent, n, defined such that
where X, is a reference wavelength. The model assumes that the surface is Lambertian and homogeneous, which is a good approximation over the ocean except in the presence of sun glint. It also neglects interactions between gaseous absorption and scattering processes. This simplification is possible because absorption occurs either high in the atmosphere (where molecules are rarefied) or at wavelengths weakly affected by molecular and multiple aerosol scattering. In other words, the photons' actual path does not differ significantly from the direct sun-surface path. Although the model has not been validated by in situ measurements, it has been compared with exact calculations (e.g. Duhaut 1985) which show discrepancies that do not exceed 1% in most situations, except at grazing incidence angles of 0, > 80".
The radiative transfer model is run with standard profiles of temperature, water vapor, and ozone mixing ratios of McClatchey et al. (197 1) . These profiles represent average summer and winter conditions in the midlatitude and subarctic regions, average annual conditions in the tropics where seasonal variability is small, and average conditions over the United States. Table 1 gives the vertically integrated (or total) water vapor and ozone amounts for each model atmosphere. The volume mixing ratio of other absorbing gases (oxygen, carbon dioxide, and minor constituents) is assumed to remain constant at all altitudes. Aerosols are added to these Rayleigh atmospheres, and their optical properties (size-frequency distribution, index of refraction) are those of the maritime and continental models of the International Radiation Commission (unpubl. rep.). A typical spectral reflectance of clear seawater (Viollier 1980 ) is used. The contribution of multiple interactions between the surface and the atmosphere, namely the term pr in Eq. 3, is only a few percent since p is small for the ocean (on the order of 0.05 in the visible) and Y does not exceed 0.5 at most wavelengths. Consequently, it is not necessary to differentiate between clear and turbid waters.
The data of Neckel and Labs (1984) are used for the spectral solar irradiance at the top of the atmosphere. Integrated over the two spectral domains considered, namely 350-700 and 250-4,000 nm, the extraterrestrial solar irradiance is 584.9 and 1,358.2 W m-2. Note that >99% of the radiant energy from the sun is in the interval 250-4,000 nm. Thus, at the top of the atmosphere the ratio Epar : Etot is equal to 0.43.
Because selective absorption in the atmosphere occurs predominantly below 3 50 nm and above 700 nm, this ratio is expected to be higher at the earth's surface. Figure 1 shows the dependence of Epar(O+) : E,,,(O+) on solar zenith angle for six simulated atmospheres. In the calculations, we used the maritime aerosol model and fixed the visibility at 23 km. This model is com- posed of water-soluble particles with a complex refractive index whose real and imaginary parts are equal to 1.33 and 0.005. The size-frequency distribution is given by n(r) = exp [ -8.9943(P) ], where Y is the particle radius expressed in micrometers (modified gamma-standard distribution).
At a visibility of 23 km, 7A (X = 1,000 nm) is equal to 0.206. For the cases considered, which represent situations spanning real-world conditions, Epar(O+) : E,,,(O+) varies between 0.42 and 0.50.
The various curves exhibit a similar shape: ical and subarctic winter atmospheres, amounting to 0.04 at 0, = 0" and 0.07 at 6, = 80". The individual effects of water vapor and ozone amounts, visibility, and aerosol type are shown in Fig. 2 ; the US 62 standard atmosphere is assumed and 8, is fixed at 30". As water vapor increases from 0.5 to 5 (g angle for dlllerent model atmospheres. on total water vapor amount and aerosol turbidity, TA (visibility, Angstrom exponent). These variables can be observed on site, for instance by radiosondes (water vapor amount) or radiometers measuring direct solar radiation at several wavelengths (aerosol turbidity).
They can now be remotely sensed from space (see Chang and Wilheit 1979 and Grody et al. 1980 for the water vapor amount; see Norton et al. 1980 and Otterman et al. 1982 for the aerosol turbidity)
which is particularly advantageous for global monitoring. Alternatively, climatological data provide useful estimates. By neglecting the effect of water vapor and aerosols, errors up to 8 and 4% can be introduced.
The ratio of Q,,JO+) to Epar(O+) was computed for the same range of atmospheric and geometrical conditions as above. The values obtained differ < 1% from the average value of 2.68 X lo'* quanta W-l SK'. This stability is not surprising in view of the forms x 1018 quanta W-l ssl, determined experimentally by Morel and Smith (1974) . Note, however, that their value includes observations in cloudy conditions, which were not simulated in the present study. Yet even if clouds have a strong effect on Q,,,(O+) and Epar(O+), their effect on the ratio ofthese parameters is negligible. was measured with an Eppley precision spectral pyranometer (model PSP) with a WG7 clear glass cover transparent between the wavelengths ofabout 285 and 2,800 nm. The pyranometer, however, was calibrated against the entire solar spectrum (Hill et al. 1966) and has an accuracy of k 2%. It was located next to the spectroradiometer deck unit. Carefully selecting clear days and avoiding the lowest sun elevations, the field data correspond to 5-min averages and cover solar zenith angles ranging from 14" to 70". According to Prabhakara et al. (1985) the amount of water vapor varies climatologitally from 2.6 to 3.4 g cm-2 in the area of interest. Figure 3 shows plots of E',,,(O+) vs. E,,,(O+) as measured during the cruise and modeled with the radiative transfer model. In the model calculations, we used the maritime aerosol model and fixed the visibility at 23 km since no aerosol data were collected during the cruise. Best linear fits are given and correspond to a highly significant correlation coefficient of 0.99. The measured and modeled values are related by E'pa,(O+) = (0.462 kO.0 12)E,,,(O+) and E',,,(O+) = (0.448 +0.003)Etot(O+). Thus the modeled E'pa,(O+) : E,,,(O+) values are lower than those measured by 3% on average, and the rms difference is 0.018.
Several factors may contribute to the differences between data and model. First, amounts of water vapor are estimated from climatology, which smooths out part of the actual variability.
In fact, the model's bias toward lower values can be explained if the input of amount of water vapor were too low by 15%. It is also likely that the maritime aerosol model and the 23-km visibility do not exactly correspond to experimental conditions. Second, one need consider not only the accuracy of the calibrated instruments, but also environmental perturbations on the field measurements, such as ship shadow and reflection, stack gases, and instrument orientation depending upon sea state. Despite these influences and uncertainties, modeled and observed data are in good agreement.
In previous studies Jerlov ( 1974 Jerlov ( , 1976 ) discussed the rule of thumb that half the total pyranometer value gives an estimate of EssO, 700(O+) and summarizes E350, ,&Of) = 0.43E 300, 3,000(0+)-s zeicz (1974) presented theoretical evidence (Avaste et al. 1962; Avaste 1967) in an oceanic environment. Note that it is not always clear in these studies whether the wavelength range indicated for total energy refers to the transparence region of the filter or to the region over which the instrument is calibrated. In general, total pyranometers are calibrated with reference standards for the entire solar spectrum. The model predictions are in general agreement with the results obtained over land, taking into account that the influence of surface reflectance over land increases Epar(O+) : E,,,(O+) by a few percent.
For the Jitts et al. (1976) oceanic data, the model predicts typically E&O+) : E&O+) values of 0.50 and 0.46 for the ratio of solar energy in the 350-700-and 400-700-nm bands. These values are higher than the experimental values, which can be explained by amounts of water vapor smaller than climatological values, atmospheric conditions mostly hazy, as well as aerosols characterized by an Angstrom exponent less than -1.
The above development permits flexibility in estimating the in-water photoenvironment. For example, a shipboard measurement of E&O+) can be used to estimate E&O+) accurately (Figs. 1 and 2a) . Smith and Baker (1986) have discussed the propagation of photosynthetically available radiation from above, E&O+), to below, E&O-), the air-water interface. For clear skies, 
An effective K,,, can be calculated for the limit of clearest natural waters with the spectral attenuation coefficients for clear water (Smith and Baker 198 1) and a biooptical model (Baker and Smith 1982) . It permits estimation of Epar at any depth in the water column, as is summarized in Table 2 where the data correspond to the maximum penetration of radiant energy into ocean water. Analogous computations can be carried out for various water types based on a knowledge of the pigment content of the water column (Fig. 4) However, + 5% is usually what is achieved (Paltridge and Platt 1976) . On the other hand, the ratio Epar(O+) : E,,,(O+) can be predicted to within +3% from climatological data, as shown in the present study. Consequently, Epar(O+) can be estimated with a &8% accuracy from a measure of E&O+).
This accuracy is useful since, in general, the error in determining K,,,(z) is larger. In fact, the 1 O-l 5% accuracy on E,,,(O+) currently achieved by satellite techniques has great practical utility.
The relationships between Et,, (O+), Epar(O+), and Qpa,(O+) are of interest for various practical problems in aquatic ecology. The above study demonstrates that measuring one of these quantities permits accurate estimation of the others. By knowing these relationships, it becomes possible to model the aquatic light environment with simple shipboard measurements. The results presented above, however, are valid only for clear skies. Because cloud transmittance in the 350-700-nm region is higher than that over the entire solar spectrum (e.g. Welch et al. 1980; Szeicz 1974) Epa,(O+) : E,,,(O+) is expected to increase under cloudy skies. An estimate of the order of magnitude of this effect can be obtained from the theoretical calculations of Stephens (1978) . In the range of liquid water paths from 10 to 10,000 g m-*, which characterizes most water clouds from thin stratus to thick cumulonimbus, it is found that the ratio of the cloud transmittance in the 350-700-nm band to total cloud transmittance varies from 1.1 to 1.8 when 8, = 0" and from 1.2 to 1.9 when 8, = 60". A further investigation, theoretical as well as experimental, is however necessary to quantify more precisely
